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The quaternary (Al 1Ϫx Ga x ) 0.5 In 0.5 P alloys, which are lattice matched to GaAs, have a direct band gap that ranges from 1.88 to 2.3 eV. This property makes AlGaInP an excellent material for high-brightness light-emitting diodes ͑LEDs͒ with a wide color range. However, the light extraction efficiency of these devices is limited by the optically absorbing GaAs substrate. This problem can be minimized by growing a distributed Bragg reflector ͑DBR͒ between the standard LED epitaxial layers and the absorbing substrate. 1, 2 Another approach is to replace GaAs with a GaP transparent substrate via wafer bonding after epitaxial lattice-matched growth. [3] [4] [5] An increase in luminous efficiency can be achieved by the first method, since the DBR will reflect light that is emitted or internally reflected in the direction of the absorbing substrate. However, the improvement is not good enough compared with the transparent substrate technique, because the DBR only reflects light that is of near normal incidence. The AlGaInP LEDs with wafer-bonded GaP transparent substrates have been demonstrated to have highly reliable and efficient performance. [3] [4] [5] It is worth mentioning that the AlGaInP/GaP bonding process needs high temperature treatment ͑Ͼ600°C͒ and a long thermal anneal (у1 h͒. This might result in the additional disadvantage of interdiffusion in the doping impurities of the double heterojunction. A great deal of variation in the electrical transport properties across the bonded interface has been observed, with most reports indicating nonohmic high-resistance conduction across the AlGaInP/GaP bonded interface. 6 In this letter, a new metal/glass substrate instead of the GaP transparent substrate is employed in the wafer bonding process for AlGaInP LEDs. The metallic interlayer can be used not only as an adhesive, but also as the reflective mirror. The AuBe alloy is generally applied to AlGaInP LEDs as a p-type ohmic material. It also possesses several bonding material characteristics, namely, low vapor pressure, high melting point and high surface diffusivity. In the present study, the AuBe alloy metal was used as the adhesive layer to cohere the AlGaInP LEDs and the glass substrate. Moreover, it can act as a mirror to reflect light in the waferbonded LED structure.
The LEDs employed in this work are fabricated on temporary n ϩ -GaAs substrates by low-pressure metalorganic vapor phase epitaxy ͑MOVPE͒. First, an Al 0.7 Ga 0.3 As etching stop layer and an n ϩ -GaAs contact layer are grown following the GaAs buffer layer on the n ϩ -GaAs substrate. Second, an n-(Al 0.7 Ga 0.3 ) 0.5 In 0.5 P cladding layer, an undoped (Al 0.3 Ga 0.7 ) 0.5 In 0.5 P active layer and a p-(Al 0.7 Ga 0.3 ) 0.5 In 0.5 P cladding layer are grown onto the n ϩ -GaAs contact layer. Finally, a very thin p ϩ -GaAs cap layer ͑about 0.05 m͒ is grown on top of the upper p-cladding layer as a contact layer. A second substrate ͑AuBe/glass͒ is then bonded to the LED structure at elevated temperature ͑450°C for 15 min͒ and under applied uniaxial pressure to form robust chemical bonds. Following the bonding process, the GaAs substrate was removed by chemical etching. The bonded epilayer was mesa etched into an isolated device area (300ϫ300 m 2 ) until the AuBe metal surface was exposed ͑for p-side contact͒. The patterned AuGeNi/Au with a diameter of 100 m was deposited onto the n side (n ϩ -GaAs contact layer͒ and then alloyed for ohmic contact processing. The final AlGaInP/AuBe/glass LED structure is schematically shown in Fig. 1 . For comparison, an AlGaInP LED with a waferbonded GaP transparent substrate has also been fabricated at 650°C for 1 h. The bonded LED samples described here were diced into chips but not encapsulated before electrical and optical measurements.
Bonding imperfections can be readily observed by eye. Macroscopic voids at the interface yield an obvious color change due to the refractive index effect. It will make the film crack during the removal etching process of the GaAs substrate. Figure 2͑a͒ exhibits some cracked regions of an inferior bonded sample. The nonbonded areas could result from a variety of causes, including epitaxial defects formed during the MOVPE process, particle contamination at the bonded interface and episurface decomposition. Fig. 2͑b͒ . No visible artifacts are present in this image. Instead, only a uniform dark red color is observed, indicating the excellent wafer-bonded uniformity. This dark red color is attributed to the convolution of eye response with the wavelengths reflected from the ϳ1.6 m thick (Al 0.3 Ga 0.7 ) 0.5 In 0.5 P/AuBe /glass LED active region. The bottom AuBe layer still shows a mirror surface, which can be used as a reflector in this bonding structure. This point can be confirmed by the reflectivity measurement ͑Ͼ95%͒ after removing the bonded LED epilayers. Moreover, the mechanical strength of the bonded interface exceeds that required to withstand the chemical etching, ohmic contact processing and chip dicing. Figures 3͑a͒ and 3͑b͒ show photomicrographs of the unencapsulated (Al 0.3 Ga 0.7 ) 0.5 In 0.5 P LED chips with an absorbing GaAs substrate and a AuBe/glass-bonded substrate, respectively. The emission wavelength of these LEDs was 600 nm. Obviously, the extraction efficiency of the (Al 0.3 Ga 0.7 ) 0.5 In 0.5 P LED grown on GaAs is limited by absorption of virtually all light emitted toward the substrate. This effect can be overcome by employing a AuBe/glass substrate instead of GaAs. Light emitted in the direction of the mirror is reflected back to the LED structure and then emitted from the top or the edges of the chip to improve the efficiency of the device. The light appears to radiate evenly from all surface of the bonded chip (300ϫ300 m 2 ). It indicates the uniform light reflection from the AuBe/glass substrate and results in a luminance ϳ3050 cm/m 2 at 20 mA. The current versus voltage (I -V) for the AuBe/glass-bonded LED sample is examined and shown in Fig. 4 . The device exhibits normal p-n diode behavior with a forward voltage of less than 1.9 V at 10 mA. The leakage current is about 2.33 nA under a 35 V reverse bias. This result indicates that the wafer bonding technique does not adversely affect the I -V characteristic of the LED device.
Typical luminance versus current ͑L-I͒ curves for the AlGaInP LED samples with various substrate structures ͑i.e., GaAs-absorbing, transparent GaP-bonded and reflective AuBe/glass-bonded substrates͒ are compared and depicted in Fig. 5 . The luminance was measured using a Minolta CS110 chromameter with a 10 Ϫ3 sr solid angle. It was found that the LED with AuBe/glass substrate shows the best luminance performance under injection currents below 40 mA. The AuBe/glass-bonded and GaP-bonded LEDs at 10 mA exhibit fourfold and twofold improvement in light output, respectively, compared with the GaAs-absorbing substrate one. The results can be interpreted by the fact that the GaP substrate can be used as an optically transparent window layer, and that the AuBe metal as the mirror will reflect any downwardly emitted or previously reflected internal light. For the wafer-bonded structure, the AuBe/glass-bonded LED still shows superior luminance over the GaP-bonded one. It may be attributed to the low temperature and to the short processing time of the AuBe/glass bonding technique. This will alleviate the impurity interdiffusion problem of the double heterostructure. In the present structure, the forward current can be directly injected into the LED without through the interface between the LED and the bonded substrate. Thus the series resistance of the bonding interface can be minimized and will not degrade device performance. In addition, the barrier height for the AuBe LED is lower than that for the GaP LED. These improved electrical properties would obviously result in an increase of the light output. However, it is worth mentioning that the luminance of the LED with the AuBe/glass reflective substrate begins to decrease as the injection current increases to 30 mA. This might result from current-crowding or junction-heating problems. From the measured I -V curve ͑Fig. 4͒, the current is obviously not affected by series resistance as the device is at high bias. Thus, the L-I trend at high current injection could be due to the low thermal conductivity of the glass substrate, resulting in the junction-heating phenomenon. Further study on this aspect is currently underway.
In summary, high-brightness AlGaInP/AuBe/glass LEDs have been fabricated by the wafer bonding technique. A AuBe/glass substrate was fused to the p ϩ -GaAs contact layer before removing the GaAs absorbing substrate. Therefore, the need of a handling thin epitaxial layer is avoided. The experimental results indicate that wafer bonding a mirror reflector ͑a AuBe/glass substrate͒ to an AlGaInP double heterojuction LED will markedly improve the L-I performance without degrading the I -V characterization. We note that the wafer bonding technique is complementary to MOVPE epitaxial growth technology for the LED structure. The latter is suitable for a high quality ''thin'' layer, whereas wafer bonding provides a good approach for the application of a reflector with a ''thick'' transparent substrate to these structures. FIG. 5 . Typical luminance vs current curves for the AlGaInP LED samples with ͑a͒ a GaAs-absorbing substrate, ͑b͒ a GaP transparent substrate and ͑c͒ a AuBe/glass reflective substrate.
